P ediatric abusive head trauma (AHT) is the third most common cause of head injury in children-following falls and motor vehicle crashes-and is the most common cause of serious head injury before the age of 1 year. 6, 12 The Centers for Disease Control and Prevention has defined AHT as an injury to the skull/intracranial contents of an infant/young child aged 5 years or fewer due to intentional abrupt impact and/or violent shaking. OBJECTIVE Despite established risk factors, abusive head trauma (AHT) continues to plague our communities. Cerebrovascular accident (CVA), depicted as areas of hypodensity on CT scans or diffusion restriction on MR images, is a well-known consequence of AHT, but its etiology remains elusive. The authors hypothesize that a CVA, in isolation or in conjunction with other intracranial injuries, compounds the severity of a child's injury, which in turn leads to greater health care utilization, including surgical services, and an increased risk of death. METHODS The authors conducted a retrospective observational study to evaluate data obtained in all children with AHT who presented to Le Bonheur Children's Hospital (LBCH) from January 2009 through August 2016. Demographic, hospital course, radiological, cost, and readmission information was collected. Children with one or more CVA were compared with those without a CVA. RESULTS The authors identified 282 children with AHT, of whom 79 (28%) had one or more CVA. Compared with individuals without a CVA, children with a stroke were of similar overall age (6 months), sex (61% male), and race (56% African-American) and had similar insurance status (81% public). Just under half of all children with a stroke (38/79, 48%) were between 1-6 months of age. Thirty-five stroke patients (44%) had a Grade II injury, and 44 (56%) had a Grade III injury. The majority of stroke cases were bilateral (78%), multifocal (85%), associated with an overlying subdural hematoma (86%), and were watershed/hypoperfusion in morphology (73%). Thirty-six children (46%) had a hemispheric stroke. There were a total of 48 neurosurgical procedures performed on 28 stroke patients. Overall median hospital length of stay (11 vs 3 days), total hospital charges ($13.8 vs $6.6 million), and mean charges per patient ($174,700 vs $32,500) were significantly higher in the stroke cohort as a whole, as well as by injury grade (II and III). Twenty children in the stroke cohort (25%) died as a direct result of their AHT, whereas only 2 children in the nonstroke cohort died (1%). There was a 30% readmission rate within the first 180-day postinjury period for patients in the stroke cohort, and of these, approximately 50% required additional neurosurgical intervention(s). CONCLUSIONS One or more strokes in a child with AHT indicate a particularly severe injury. These children have longer hospital stays, greater hospital charges, and a greater likelihood of needing a neurosurgical intervention (i.e., bedside procedure or surgery). Stroke is such an important predictor of health care utilization and outcome that it warrants a subcategory for both Grade II and Grade III injuries. It should be noted that the word "stroke" or "CVA" should not automatically imply arterial compromise in this population.
intraventricular, and subdural. The mechanism of injury is thought to be due to the sudden angular deceleration experienced by the brain and cerebral vessels, not the specific contact forces applied to the surface of the head. Thus, the term "shaken-impact syndrome" is more fitting than the more common "shaken-baby syndrome." 16 AHT is generally thought to be precipitated by inconsolable crying, with victims being more commonly male and from socioeconomically depressed families. 10, 34, 35, 37 Neurological morbidity and mortality rates are, in general, worse than those of accidental trauma; the mortality rate for AHT is 10%-20% or greater, and half to twothirds of surviving patients have moderate to severe neurological deficits or sequelae, including motor, vision, behavioral, communication, and epilepsy. 4, 13, 15, 17, 26, 31 This has created a woefully underrecognized public health calamity given the high initial and long-term costs for medical and ancillary services, coupled with many years of lost productivity.
The many types of intracranial injuries inflicted on children with AHT can be detected with CT and MRI, each of which has advantages and disadvantages. 1, 3, 9, 19, 20, 28, 42 MRI is superior to CT at detecting traumatic intraparenchymal injuries. 9 There are number of imaging findings that are more common in children with abusive injury rather than accidental injuries. These include subdural hematomas of different ages (acute, subacute, and chronic) or mixed with subarachnoid CSF or in certain locations such as the posterior fossa or interhemispheric space; brain lacerations; retroclival, epidural, or subdural hematomas; cortical vein thrombosis; and a high association with cervical ligamentous injury. 11, 25, 27, 29, 30, 36, 43, 46 Another injury that is more prevalent in children with AHT is a cerebrovascular accident (CVA). 24, 30 During the era in which CT was the predominant imaging technology, brain infarction was diagnosed as areas of hypodensitythe most extreme form being unilateral or bilateral panhemispheric hypodensity, typically underlying a SDHand was given the rather grim description of "big black brain." 14 In their 1984 publication, Merten et al. found that the most common cerebral lesion in children with AHT was unilateral or bilateral diffuse cerebral edema, half of the cases being associated with an extracerebral hemorrhagic collection. 33 Focal cerebral infarctions were also present, but less common. With MRI, these areas of hypodensity shown on CT are seen as infarctions, with resulting cytotoxic edema seen best on diffusion-weighted imaging (DWI) and apparent diffusion coefficient (ADC) maps. Numerous publications have shown that number and volume of DWI/ADC-positive lesions, in both accidental and nonaccidental trauma, correlate with early and late neurological outcomes. 2, 5, 7, 22, 39, 41, 44, 45 We recently published our 6-year experience with AHT and introduced a novel injury grading scale. 8 Using our AHT database, we sought to identify all patients who sustained a CVA, either using CT or MRI to and combine a detailed radiological analysis with demographic, clinical, cost, and readmission data. We postulate that an AHT-related CVA predicts a more severe injury, which translates to a greater likelihood of needing surgical intervention, longer hospital stay, and greater cost.
Methods

Database Creation, Variables, and Definitions
The University of Tennessee Institutional Review Board approved this study. Le Bonheur Children's Hospital (LBCH) is a 255-bed children's hospital located in downtown Memphis that serves a 200-mile radius for an estimated 1.4 million Mid-South children from 5 states: Tennessee, Mississippi, Arkansas, Kentucky, and Missouri. Neurosurgery and the Child Advocacy Resource and Evaluation Services (CARES) team-as well as other services as needed, such as trauma or general pediatrics-independently evaluated all children with suspected AHT. AHT, or nonaccidental trauma (NAT), was defined as skull fracture or intracranial hemorrhage in a child under the age of 5 years with a suspicious mechanism, or direct evidence of other intentional injuries or consequences from such actions (e.g., retinal hemorrhages, old or new fractures, burns, or other soft tissue injury) that was consistent with AHT, according to the final assessment of the CARES team.
Our initial AHT database was created by identifying cases through one of two sources: a prospective trauma service database of pediatric traumatic injuries (intentional and unintentional), and an electronic medical record search to identify children with joint consultations from neurosurgery and CARES. This identified cases from 2009 to 2014. Since 2014, we have added cases as they present to our service. Thus, we believe that our database contains the vast majority of AHT cases evaluated at LBCH since 2009. The time period for data collection was January 2009 thru August 2016.
For each patient, we have records of demographic information (e.g., age, sex, race, and date of injury), hospital course (e.g., extent and grade of injury, need for any neurosurgical intervention, length of hospital stay, and in-hospital mortality), and charges associated with the initial hospitalization. Hospital "charges" were considered a surrogate for "cost," although technically "charges" are always greater than "costs," typically by a fixed factor (professional fees are not included). 18 Injury severity was graded as follows 8 : Grade I, skull fracture alone with or without associated craniofacial soft-tissue injury; Grade II, intracranial hemorrhage or cerebral edema not requiring neurosurgical intervention or bedside procedure; and Grade III, intracranial hemorrhage requiring neurosurgical intervention or resulting in death as a direct result of AHT.
Using our AHT database, we first reviewed the imaging reports of all children to identify those with a definite or suspected a CVA. The diagnosis of CVA or a strokelike finding is well established on MRI as an area of brain parenchyma that is hyperintense on DWI and correspondingly hypointense on the ADC map. For those cases in which CT was the only imaging modality, a stroke was diagnosed as a hypodense region that was not considered to be consistent with a contusion or a response to an intraparenchymal hemorrhage (i.e., noninfarct-related cerebral edema)-in an arterial, watershed, or venous distribution-and present (and typically more hypodense) on follow-up imaging. All images for each confirmed AHT case with stroke were reviewed in detail along with the dictated report (authored by one of two fellowship-trained pediatric neuroradiologists) with the following information abstracted: 1) date of CVA; 2) imaging modality used to make diagnosis; 3) location: cerebrum, cerebellum, basal ganglia and thalamus, or brainstem; 4) morphology: arterial, venous or watershed/hypoperfusion, including wellknown perfusion sensitive areas, such as layers 3, 5, and 6 of the cerebral cortex (laminar necrosis), basal ganglia, cerebellum, and hippocampi (CA1 and CA 3 regions); 5) vascular territory: middle cerebral artery (MCA), anterior cerebral artery (ACA), posterior cerebral artery (PCA), posterior inferior cerebellar artery (PICA), anterior inferior cerebellar artery (AICA), and superior cerebellar artery (SCA); 6) number of vascular distributions affected; 7) laterality: unilateral or bilateral; 8) number of strokes: focal or multifocal; 9) presence of a hemispheric stroke, defined as a stroke that involves all or nearly the entire hemisphere, involving MCA, ACA, and PCA territories; and 10) presence of subdural hematoma overlying a stroke.
To clarify, a holohemispheric stroke would be recorded as having 3 vascular distributions (MCA, ACA, and PCA) and a watershed stroke would be recorded as having 2 vascular distributions with the exact vascular territory dependent on location (e.g., MCA-PCA). Images were reviewed with a neuroradiologist, if there were any questions or discrepancy between the report and the images or between studies. If a patient had both MRI and CT scans, then we generally used the former for data collection given the greater detail afforded by MRI.
We also recorded whether children with NAT-induced CVA were readmitted within 180 days of their original admission, the reason for their readmission, and whether they underwent any neurosurgical procedure during this readmission.
Study Hypothesis and Questions
We hypothesize that the development of a stroke as a result of intentional trauma to a child, in isolation or with other intracranial injury, worsens that child's overall injury severity, leading to longer hospital stay, greater risk of needing surgical services, higher health care utilization, and an increased risk of death. With this retrospective observational study, we posed the following questions: What are the demographic and clinical characteristics of AHT cases with associated stroke? What are the characteristics of the strokes? How do abused children with a stroke differ from those without a stroke in terms of need for neurosurgery, length of stay, and financial impact (i.e., hospital charges)? What are predictors of mortality? What percentage of abused children with a stroke needs to be readmitted within the first 6-months of their injury, what percentage needs neurosurgical intervention, and what are their associated hospital charges?
Statistical Analysis
Patient demographic, clinical, and radiographic characteristics were summarized using median (range) and proportions for continuous and categorical data, respectively. Among those children with a stroke, a linear logistic regression analysis was performed in an effort to determine factors that were predictive of mortality. Variables included in the model were sex, age (kept as a continuous variable), stroke laterality (unilateral or bilateral), stroke number (focal or multifocal), and presence or absence of hemispheric stroke. All statistical analysis was performed using Microsoft Excel and SPSS version 22 (IBM).
Results
Demographics
From January 2009 thru August 2016, a total of 282 children with AHT were identified; 79 were diagnosed with one or more CVA (28%). Table 1 shows the demographics for the 2 subgroups and the entire patient population. The majority of patients in both cohorts were African American, male, and publically insured. Children less than 1 month of age had the least at risk for strokes (3 of 79 [4%]), whereas those 1-6 months had the greatest risk (38 of 79 [48%]).
Hospital Course, Cost, and Readmission Table 2 contains information on grade of injury, length of stay (LOS) (overall and by injury grade), and cost (overall and by injury grade). The stroke cohort had proportionately fewer patients with Grade II injuries (44% vs 52%), but more patients with Grade III injuries (56% vs 13%), of whom 28 (35%) had an intracranial hemorrhage or edema that required surgery or a procedure, and 20 (25%) died as a direct result of their AHT. Only 2 children in the nonstroke cohort died (1%).
The median LOS was 11 days (range 0-80 days) for those children with a stroke, compared with 3 days (range 1-36 days) for those without. The total LOS for all patients was 1295 days. The median cost (i.e., hospital charges) was $117,000 (range $9980-$882,000) for the stroke group, compared with $19,900 (range $3700-$313,000) for the nonstroke patients. Figure 1 graphically shows this disparity in hospital charges with a box-and-whisker diagram. The total hospital charges associated with the first admission were $13.8 million for the stroke cohort and $20.4 million for all 282 children.
A summary of surgical procedures performed on the Grade III stroke patients is presented in Table 3 . The most common procedures were intracranial pressure (ICP) monitor placement (n = 14), decompressive craniectomy (n = 12), and bur hole evacuation of a subdural hemorrhage (SDH, n = 8).
Within the first 6 months of being discharged, 24 stroke patients were readmitted (30%), 15 of whom were readmitted for neurosurgical issues. Thirteen patients (54%) required a return to the operating room: 5 for cranioplasty and 4 for shunts (all de novo: 3 bilateral subduroperitoneal shunts and 1 ventriculoperitoneal shunt), 3 for craniotomies (2 for evacuation of a subdural abscess and 1 for a loculated chronic SDH), and 1 bur hole evacuation of a subdural collection ( Table 4 ). The 2 neurosurgical admissions not requiring surgical intervention were for a cerebral angiogram and for a subdural collection that eventually resolved on its own. For the 15 neurosurgical readmissions, the total cost was $697,000 (median $41,000).
Analysis of Strokes
Strokes were diagnosed on average of 1.3 days (range 0-11 days) from admission. The imaging modality used to diagnose a CVA was CT in 33 cases, MRI in 20, and both in 26 patients. Almost all children (78 of 79 [99%]) had cerebral strokes. Interarterial watershed regions, or other areas that are well known to be susceptible to hypoperfusion (see Methods), were the most common stroke morphology (73%). Strokes involving the region supplied by the MCA, PCA, and their watershed zones were the 
Predictors of Mortality in Children With a Stroke
Of all the variables placed into the logistic linear regression, risk factors for death were younger age (p = 0.005, OR 1.95) and presence of a hemispheric infarct (p < 0.001, OR 15). The Cox and Snell R-square coefficient was 0.34, indicating that 34% of the variability in mortality could be explained by the variables included in the model.
Discussion
With the first monograph describing battered child syndrome in 1860 by French forensic physician Ambroise Tardieu, child abuse continues to plague our society. 38 In fact, within the population served by our medical center, the incidence appears to be increasing. 8 Of the numerous intentional injuries described in children-cranial and extracranial-stroke is well recognized, with the most catastrophic example being the holohemispheric infarct. 21, 24 Areas of infarction in survivors, in turn, can lead to what is termed "multicystic encephalopathy." 
Our Findings
Our study combined demographic, clinical, radiographic, cost, and readmission data on children with and without a stroke. The first notable finding is that almost 30% of our AHT population suffered one or more stroke. There was no significant demographic difference between our two cohorts. As with our previous study, 8 the majority of victims were male, African American, and publically insured, which is a reflection of the known risk factors for AHT and the ethnic and socioeconomic composition of the population served by LBCH. Our incidence of stroke might be higher had all of our patients undergone MRI (33 of 79 [42%] were diagnosed by CT only). While there are numerous studies that detail radiographic findings in children with NAT, very few studies have reported the overall incidence. In a 7-year period, Ghahreman et al. found "cerebral edema or ischemia" by CT or MRI in 22 of (33.8%) 65 patients. 23 Reviewing data obtained in 57 consecutive cases over a 13-year period, Foerster et al. found that MRI had been performed in 48 patients, of whom 15 (31%) had ischemia.
What was striking was the difference in injury severity, hospital stay, and hospital charges. More children with a stroke had a Grade III injury (56% vs 13%), which translated into longer median LOS (11 vs 3 days) and much higher median hospital charges ($117,000 vs $19,900). The difference in LOS and hospital charges was so significant between those children with a stroke and those without stroke among Grade II and III injuries that we believe it warranted a modification to the injury grading scale we proposed in our previous publication ( Table 5) .
The in-hospital mortality rate was 25% in the children with a stroke. We found that younger age and hemispheric infarct were predictors of mortality. This is in contrast to findings reported by Foster et al., who observed no association between what they call "hemispheric hypodensity" and mortality. Shein et al. found that a low initial Glasgow Coma Scale score, retinal hemorrhages, intraparenchymal hemorrhage, and cerebral edema were independently associated with mortality. 41 Not surprisingly, survivors of NAT continue to require medical services after their initial hospitalization. Nearly one-third of children who suffered a stroke required readmission within the first 180 days of their injury, with half of them requiring surgery (either elective cranioplasty or shunt surgery).
The exact pathophysiology of a CVA in AHT continues to be a mystery. What is clear is that the AHT leads to a disturbance in the oxygen delivery to the brain, the degree to which is presumably variable, that then results in one or more infarction. Our study supports the notion that it is more often a global delivery deficit because the majority of our children exhibited strokes that were watershed/hypoperfusion in morphology, bilateral, multifocal, and involved more than a single vascular territory. This hypoperfusion or hypoxia (as a result of impaired respiration or ventilation) may be due to prolonged seizure(s), bradycardia or apnea, hypotension, vasospasm of the skull base vasculature, or a choking maneuver in addition to a shaking or impact mechanism. None of our patients had an identifiable vascular injury, such as a dissection, which is consistent with the current literature. This is an important distinction, as the word "stroke" should not immediately imply an underlying arterial pathology (narrowing or occlusion) in these patients. Terminology such as "hypodensity," "diffusion restriction," or "diffusion abnormality" may be better suited for this population when describing one or more infarctions.
The role of blood in the subdural space as it pertains to the development of a CVA is also not fully understoodbut likely has a role-in addition to any elevation of intracranial pressure it may cause. 40, 47 While strokes are commonly in the same hemisphere as a subdural hematoma (83% of patients in our series), many children may have subdural hematomas or a mix of hematoma and hygroma without an underlying CVA. 21 Elevated intracranial pressure with brain shift and herniation is likely the cause for pure arterial infarctions, such as PCA, ACA, and even SCA, but these were present in only 23% of our patients.
Study Strengths and Limitations
Our study represents a continual retrospective cohort of patients over a period of more than 7.5 years and provides detailed demographic, clinical, surgical, radiographic, cost, and readmission data. These findings were confined to a single center, which could limit generalizability to other institutions that serve a population of different socioeconomic and ethnic makeup. As previously mentioned, not all of our patients were able to undergo an MRI, which may have falsely lowered our overall stroke rate since CT scanning may have missed smaller areas of infarction. Our study was limited to the initial hospitalization and the 180-day period that followed. Long-term data evaluating cost, neurological development, disability and recovery, school performance, and psychosocial behavior are not available.
Conclusions
About 30% of children with AHT will develop one or more stroke, and these patients are more likely to require surgical intervention, greater hospital LOS, and higher hospital charges. Their mortality rate is 25%, and younger age and the presence of hemispheric strokes are predictors of death. Strokes are most commonly due to a global hypoxic event as strokes in these children are commonly bilateral, multifocal, and in regions that are susceptible to hypoperfusion. A subdural hematoma on the same side as a cerebral infarct is very common. Approximately onethird of survivors will return to the hospital for neurosurgical issues, and half of these individuals will undergo surgery (planned or unplanned). The difference in health care utilization among children with a stroke and those without stroke is so profound that we have modified our original injury grading system to reflect this. 
